The development of robust infrared fibers is crucial for harnessing the capabilities of new mid-infrared lasers. We present a novel approach to the fabrication of chalcogenide glass fiber preforms: one-step multimaterial extrusion. The preform consists of a glass core and cladding surrounded by a built-in, thermally compatible, polymer jacket for mechanical support. Using this approach we extrude several preform structures and draw them into robust composite fibers. Furthermore, the polymer cladding allows us to produce robust tapers with submicrometer core diameter.
Chalcogenide (ChG) glass fibers continue to attract interest for mid-infrared beam delivery, imaging fiber bundles, and nonlinear optics [1] . Nevertheless, the fragility and difficulty of handling and processing of ChG fibers [2] have limited their widespread use. This limitation is inherent to the traditional pathways of producing ChG fibers, such as double-crucible fiber drawing [3] and drawing from a rod-in-tube preform. By inserting a rod into a tube, typically obtained by drilling [4] , rotational casting [5] , or extrusion [6, 7] , some defects are inevitably introduced at the fiber core/cladding interface. Thermal drawing of the fiber improves the interface, but some bubbles are potentially trapped along the fiber. The double-crucible approach obviates this drawback, but it is a more complex process that produces a limited range of structures. In both cases, ChG fibers are coated with a layer of low-temperature polymer for mechanical support that cannot be codrawn or costretched with the ChG and limits the fiber working temperature [8] . The use of higher-temperature polymers is prohibited by the low processing temperatures of ChGs.
In this letter, we report a new ChG preform fabrication approach, one-step multimaterial coextrusion, that produces composite ChG/polymer preforms that are then drawn into robust fibers. A billet consisting of thermally compatible thermoplastic polymer and ChG is extruded into a preform provided with a built-in polymer jacket. The polymer does not participate in the optical functionality of the fiber, which is dictated by the ChG alone. We also produce robust, high-index-contrast, submicrometercore-diameter tapers suitable for nonlinear optical applications without removing the polymer.
Our extrusion system consists of a sleeve (diameter 30-46 mm) inside a tube furnace. A billet is heated in the sleeve to allow viscous flow and is then extruded by a piston through a circular die [diameter 6-20 mm; Fig. 1(a) ]. The billet is kept at slightly higher than the softening temperature, and ≈500 lbs of force is applied to extrude the billet at ∼0.3-0.7 mm∕ min. Extrusion under pressure allows the use of lower temperatures and higher viscosities compared to fiber drawing, thereby reducing glass crystallization.
ChG rods were prepared from commercial glass (AMI, Inc.) by melt quenching [9] , and polymer rods were prepared by thin-film processing [10] . The glasses used are G 1 : As 2 Se 3 , G 2 : As 2 Se 1.5 S 1.5 , and G 3 : As 2 S 3 , with measured indices 2.904, 2.743, and 2.472 at 1.55 μm, respectively; the polymers used are polyethersulfone (PES) and polyetherimide (PEI). The large index contrast between the ChGs was chosen to test the limits of the extrusion process and to produce the high-index-contrast nanotapers described below. As a first example, we extrude a ChG-core (G 1 ), polymer-jacket (PES) preform We refer to this structure as GP. See [11] , which describes extrusion of Bragg preforms using these two materials.
We next extrude a preform with a ChG cladding surrounding the ChG core. We use a vertically stacked billet comprising polished disks placed atop each other with the bottom (top) disk corresponding to the outermost (innermost) layer in the extruded preform [ Fig. 2(a) ]. The extruded preform consists of nested shells with the top-billet layer forming the core. We refer to this structure hereafter as GGP. The polymer protects the ChG from coming in contact with the die during extrusion or subsequently with the ambient environment. We do not observe any separation between the layers in the preforms (or in the subsequently drawn fibers). The larger thermal expansion coefficient of the polymer compared to the ChG eliminates in the preform the small gaps that inevitably exist at interfaces in the billet [12] .
We draw each preform into a cane, and a 10-cm-long section of it is inserted into a polymer tube, which in turn is drawn into ≈100 m of continuous, robust, 1-mm-outerdiameter, 10-μm-core-diameter fiber [ Fig. 2(b) ]. Cross section of the GP fiber is shown in Figs. 1(e) 
and 2(f), respectively. The ChG in the latter two represents less than 0.1% of the fiber volume: 10 km of this fiber contains ∼30 g of glass. The core-tocladding diameter ratio here is ≈1∕3. This ratio is controlled by changing the thicknesses of the disks in the billet and the pressure applied during extrusion. Reducing this ratio, however, reduces the yield of the useful preform length [13] . The built-in polymer jacket facilitates the fiber drawing compared to bare-glass-fiber drawing and helps avoid oxidation of the ChG. The fiber transmission losses (for a GGP fiber with As 2 Se 3 core) evaluated by cutback measurements are ≈10:9 dB∕m at 1.55 μm (using a laser diode) and ≈7.8 dB∕m at 2 μm (using a Tm-doped fiber laser). The loss at the moment is limited by the purity of the glass.
The robustness of these composite ChG fibers is illustrated in Fig. 3 . We measured the transmission over time (at 1.55 μm) after bending a GP fiber for 10 min intervals. There was no change for 1 in. bend diameters and larger, and we find no plastic memory in knots with diameters larger than 1 in. [ Fig. 3(a) ]. Results for a 0.5 in. bend diameter are plotted in Fig. 3(b) . The transmission did not decrease after an hour by more than 10% (5% on average). We also investigated the effect of axial stress on optical transmission. We hang a 2 kg weight from multiple 5-cm-long GP fiber sections [ Fig. 3(c) ] for 18 h each and then measure the transmission (at 1.55 μm): it was unaffected in this experiment (compare to [2] ). The fiber thus withstands 14.6 Kpsi (≈25:5 MPa) with no change in its performance over this extended period of time. This sets a lower limit on the fiber strength. Although the ChG diameter here is only 10 μm, the polymer jacket nevertheless allows for convenient handling and reduced ageing of the fibers. Therefore, the optical properties of the fiber are determined by the ChG, while the mechanical properties are determined by the polymer. Separating the functionalities in this way allows for them to be optimized independently.
A unique advantage of the thermally compatible builtin polymer jacket is in providing a mechanical scaffold for producing robust tapers without first removing the polymer. ChG nanotapers combine high optical nonlinearities with dispersion control but are hampered by their extreme fragility. The robustness of our multimaterial tapers is highlighted in Fig. 3(d) , where we show a taper, produced using the system in [14, 15] , with core diameter 25 nm (outer diameter 3 μm).
We characterize GP and GGP tapers in three ways after cutting the taper at its center where the diameter is smallest (d min 1.4 μm for the core in both tapers). (1) The structure is determined using scanning electron microscope (SEM) imaging, confirming that size reduction occurs at the same rate throughout the cross section during tapering [Figs. 4(a) and 4(d)] . (2) The ChG-polymer interface is determined by transmitting white light (coupled from the untapered end, d o 10 μm), since the polymer . The mode is confined to the glass in the GGP taper owing to the high core/ cladding index contrast (and extends into the polymer in the GP taper). We thus harness the mechanical strength of the polymer jacket without compromising the optical functionality of the taper.
We have measured the transmission in tapers of the same length (2.1 cm) with d min from 10 μm down to 400 nm for GGP and GP tapers and compare the results in Fig. 4 (g) to calculations performed using the scalar beam propagation method in OptiBPM 10.0 (Optiwave). The transverse simulation window was 50 × 50 μm 2 and the step size was 0.1 μm in all three dimensions, with a perfectly matched layer boundary condition on all sides. We used the measured taper profile and realistic material losses (see [16] ). The higher loss in the GP taper is due to absorption of the evanescent tail in the polymer, while in the GGP taper the light remains confined to the ChG. The measured losses are higher than the predictions. We attribute this to scatterers in the glass whose impact increases at smaller diameters, deformations in the cross section during tapering, and surface roughness at the interfaces (particularly for the GP taper).
In conclusion, we have described a novel one-step multimaterial preform extrusion process that produces hybrid ChG/polymer preforms that we draw into robust infrared fibers and tapers. The process helps obviate the mechanical limitations of ChG fibers and enables optimizing the optical properties for nonlinear applications.
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